Introduction
Aortic stenosis (AS) is one of the most common valvular heart diseases in the general population. 1 Often, prognosis for symptomatic severe AS is poor without surgery. Known predictors of poor outcome include older age, significant valvular calcification, rapid hemodynamic progression and impaired left ventricular (LV) ejection fraction (EF). 2, 3 Often, patients can develop impaired LVEF due to afterload mismatch 4 or from true depression of myocardial contractility due to myocardial fibrosis. 5 Upon development of an overtly impaired LVEF, aortic valve replacement is associated with higher operative risk and may be less beneficial in cases where the LV dysfunction is not due to afterload mismatch. 6 However, conventional measures of global LV systolic function such as LVEF can be preserved until end-stage disease due to development of concentric hypertrophy, and thus lacks accuracy in identifying subtle changes in myocardial contractility. We previously demonstrated that 2D-LV global longitudinal strain (GLS) can detect early subtle myocardial dysfunction in AS patients. 7 Although subsequent studies have evaluated the prognostic value of LV GLS in AS patients, they were variously limited by relatively small number of patients with severe AS, few mortality endpoints and short follow-up duration. [8] [9] [10] [11] [12] In addition, majority of these studies recruited patients with preserved LVEF (> _50%), [9] [10] [11] whereas only two small studies specifically recruited patients with LVEF < _ 40%. 8, 12 Therefore, it is unclear if LV GLS can risk stratify all patients independent of AS severity and LVEF, and identify subgroups of severe AS patients who might benefit from early aortic valve replacement. Hence, the aims of the present study were to examine the independent prognostic value of LV GLS in a large cohort of AS patients with a wide range of LVEF, and determine if LV GLS can further risk stratify severe AS patients before aortic valve replacement.
Methods

Patient population
From the departmental echocardiographic database, patients with the diagnosis of AS between November 1997 and September 2009 were identified. Patients with echocardiographic data allowing offline 2D speckle tracking analysis were selected, leaving 688 patients with AS in this retrospective analysis. All patients underwent clinical history, physical examination, and transthoracic echocardiography. Exclusion criteria included rhythm other than sinus rhythm, moderate or severe coexisting aortic regurgitation, moderate or severe mitral regurgitation, subvalvular or supravalvular AS, dynamic subaortic obstruction, and active endocarditis.
All clinical data were prospectively entered in the departmental Cardiology Information System (EPD-VisionV R , Leiden University Medical Center). Baseline clinical variables recorded included AS symptom status, New York Heart Association (NYHA) functional class, cardiac risk factors, and medications. Echocardiographic variables recorded included aortic valve area, mean transvalvular gradient, and peak jet velocity, LV volumes, LVEF, wall motion score index, and LV GLS. AS severity was classified into mild, moderate, and severe based on the calculated aortic valve area, mean gradient, and peak velocity as recommended by the European Association of Echocardiography and American Society of Echocardiography. 13 All patients were followed up after the baseline echocardiographic examination for the occurrence of aortic valve replacement and death. To determine if LV GLS is associated with all-cause mortality before aortic valve replacement, patients were censored at the time of surgery or transcatheter aortic valve replacement. The prognostic significance of AS severity was first explored by stratifying all AS patients into three groups of mild, moderate, and severe AS. Next, the prognostic value of LVEF was explored by dichotomizing all severe AS patients into two groups based on the presence of normal (> _55%) vs. impaired (<55%) LVEF. Current guidelines define abnormal LVEF as <52% in men and <54% in women based on two standard deviations from the mean.
14 For simplicity, the authors defined abnormal LVEF as <55% in all patients in the current study. As patients with impaired LVEF already have reduced LV GLS, the additional incremental prognostic value of LV GLS in severe AS patients with normal LVEF was explored by dichotomizing them into two groups based on the median LV GLS value (-14%). Thus, three groups of severe AS patients were identified and compared: Group 1-normal LVEF with 'preserved' LV GLS of < _ -14%; Group 2-normal LVEF and 'impaired' LV GLS of > -14%; and Group 3-impaired LVEF. Finally, the independent prognostic value of LV GLS was determined in multivariable analyses with significant clinical and echocardiographic associates entered as covariates.
Echocardiography
Transthoracic echocardiography was performed with the subjects at rest using commercially available ultrasound systems (System 5 and Vivid 7, GE-Vingmed, Horten, Norway). All images were digitally stored on hard disks for offline analysis (EchoPAC version 108. 14 Briefly, the LV was divided into 12 basal and mid (septal, anteroseptal, anterior, lateral, posterior, inferior) segments and 4 (septal, anterior, lateral, inferior) apical segments. A semi-quantitative scoring system (1 = normal; 2 = hypokinesia; 3 = akinesia; 4 = dyskinesia) was used to analyse each segment, and a global wall motion score index was calculated according to standard formula.
14 Definition of AS and classification of its severity were based on recommendations by the European Association of Echocardiography and American Society of Echocardiography. 13 Briefly, severe AS was defined as peak velocity > 4.0 m/s, mean gradient > 40 mmHg, or aortic valve area < 1.0cm 2 ; moderate AS was defined as peak velocity 3.0-4.0 m/s, mean gradient 30-40 mmHg, or aortic valve area 1.0-1.5 cm 2 ; and mild AS was defined as peak velocity 2.6-2.9 m/s, mean gradient < 20 mmHg or aortic valve area > 1.5cm 2 . 13 Aortic valve area calculation was performed by the continuity equation using velocity time integrals of the aorta and LV outflow tract. 13 Peak and mean aortic transvalvular gradients were calculated using the modified Bernoulli equation. Mitral inflow velocities were recorded using conventional pulsed-wave Doppler echocardiography in the apical 4-chamber view using a 2 mm sample volume. Transmitral early (E wave) and late (A wave) diastolic velocities as well as deceleration time were recorded at the mitral leaflet tips. The pulmonary venous flow velocities were recorded with the sample volume positioned 1 cm below the orifice of the right superior pulmonary vein in the left atrium. The peak systolic (S) and peak diastolic (D) venous flow velocities were recorded.
2D speckle tracking
Previous work from our laboratory has demonstrated early impairment in LV GLS in patients with AS which progressively worsened with increasing AS severity. 7 In contrast, short-axis LV circumferential and radial functions were preserved until the latter stages of severity. 7 Thus, the prognostic value of LV GLS for survival was examined in the present study. To quantify LV GLS, 2D speckle tracking analyses were performed on standard routine grey scale images of the apical 2-, 3-, and 4-chamber views. During analysis, the endocardial border was manually traced at end-systole and the region of interest width adjusted to include the entire myocardium. The software then automatically tracks and accepts segments of good tracking quality and rejects poorly tracked segments, while allowing the observer to manually override its decisions based on visual assessments of tracking quality. Mean LV GLS was calculated from the three individual apical GLS curves. LV diastolic function was presented as mean LV global early diastolic strain rate velocity (SRe). All strain and SRe measurements were exported to a spreadsheet (Microsoft V R Excel 2002, Microsoft Corporation, Redmond, WA, USA).
The intra-and inter-observer variabilities (expressed as mean absolute difference ± 1 standard deviation and intraclass correlation coefficient) for LV GLS were 1.2 ± 0.5% and 0.939 and 0.9 ± 1.0% and 0.942, respectively. 
Follow-up and outcome definition
All patients were clinically followed up for the occurrence of aortic valve replacement and death. The primary outcome was all-cause mortality after diagnosis of AS starting from baseline echocardiography and up to last follow-up (censored at time of aortic valve replacement). Patient death was ascertained by using data linkages with the governmental death registry database.
Statistical analysis
All continuous variables were tested for Gaussian distribution using the Kolmogorov-Smirnov test for normality. Normally distributed variables were presented as mean ± 1 standard deviation and non-normally distributed variables were presented as median and interquartile ranges (IQR). Categorical variables were presented as frequencies and percentages, and were compared using v 2 test. Unpaired Student's t-test and MannWhitney U test were used to compare two groups of continuous variables of Gaussian and non-Gaussian distribution, respectively. One-way analysis of variance and Kruskal-Wallis H-tests were used to compare three groups of continuous variables of Gaussian and non-Gaussian distribution, respectively, and multiple comparisons for significant results were performed with Bonferroni corrections. Cumulative event rates were calculated using the Kaplan-Meier method and between group comparisons were made using the log rank tests with respect to the primary outcome of all-cause mortality. 16 Cumulative survival rates were presented as a percentage and standard error (SE). Multivariate Cox proportionalhazards models were then constructed to identify independent clinical and echocardiographic associates of the all-cause mortality with significant univariate variables entered as covariates. 17 The Cox proportionalhazards models were used to estimate hazard ratios (HR) and 95% confidence intervals (CI) for all independent predictors of all-cause mortality.
To avoid multicollinearity between the univariate predictors, a tolerance level of > 0.5 was set. Validity of the Cox regression assumption of proportionality was confirmed for all continuous covariates by scaled Schoenfeld residuals. For categorical variables, the assumption of proportionality was confirmed by log minus log plots. Harrell's C-statistic was used to compare the incremental prognostic value of LV GLS associated with all-cause mortality in the multivariable Cox regression model for severe AS patients. A two-tailed P-value of < 0.05 was considered significant. All statistical analyses were performed using SPSS for Windows (SPSS Inc, Chicago, IL, USA), version 17, and Stata version 10.1 (StataCorp LP, TX, USA).
Results
There were a total of 688 patients (61.2% men) with a median age of 72 years (IQR 63-79 years Patients with severe AS were more likely to be older (P < 0.001) and at a worse NYHA functional class (P < 0.001). There were no significant differences in the usage of cardiac medications between the three groups. Patients with severe AS had significantly larger LV volumes, higher LV mass index, and more impaired LV GLS.
Survival outcome for all patients
A total of 114 (16.6%) patients died before aortic valve replacement after a median follow-up duration of 8.2 months (IQR 1.9-23.9 months). Of those patients who died, 54 patients had severe AS. The cumulative survival for patients with mild/moderate AS at 6 months and 1 year were 96.9% (SE 1.0%) and 92.8% (SE 1.5%), respectively. In contrast, the cumulative survival for patients with severe AS at 6 months and 1 year were 88.6% (SE 2.4%) and 83.1% (SE 3.3%), respectively (both log rank P < 0.001 vs. moderate and mild AS).
LVEF and LV GLS in severe AS
To determine if LV GLS can further risk stratify severe AS patients, all patients with severe AS were initially dichotomized based on the presence of normal (> _55%) vs. impaired (<55%) LVEF (Figure 1) . Of the 294 patients with severe AS in the study, 176 (59.9%) had normal LVEF on echocardiography. Severe AS patients with impaired LVEF had significantly higher all-cause mortality compared with patients normal LVEF (log rank P = 0.006).
Next, all 176 patients with severe AS and normal LVEF were further dichotomized into two groups based on the median value of LV GLS of -14.0%. Thus, three groups of severe AS patients were identified: 88 (29.9%) patients with normal LVEF and 'preserved' LV GLS (< _-14%), 88 (29.9%) patients with normal LVEF but 'impaired' LV GLS (>-14%), and 118 (40.1%) patients with impaired LVEF (Figure 1) . Tables 3 and 4 summarize the clinical and echocardiographic characteristics of the three groups of severe AS patients. The median LVEF for these three groups were 63.0% (IQR 59.7-67.4%), 59.5% (IQR 57.6-64.4%), and 47.5% (IQR 33.9-52.5%), respectively, (P < 0.001). Similarly, their mean LV GLS values were -17.0 ± 1.6%, -13.2 ± 1.8%, and -10.7 ± 3.6%, respectively, (P < 0.001) ( Table 4 ). Figure 2 shows that severe AS patients with normal LVEF and 'preserved' LV GLS had significantly lower all-cause mortality compared with patients with normal LVEF but 'impaired' LV GLS (log rank P = 0.024) and patients with impaired LVEF (log rank P = 0.001). There was no significant difference in survival between severe AS patients with normal LVEF but 'impaired' LV GLS and patients with impaired LVEF (log rank P = 0.34). The cumulative survival for severe AS patients with normal LVEF and 'preserved' LV GLS at 6 months and 1 year were 98.2% (SE 1.8%) and 92.3% (SE 4.4%), respectively. The cumulative survival for severe AS patients with preserved LVEF but 'impaired' LV GLS at 6 months and 1 year were 84.7% (SE 5.5%) and 77.7% (SE 8.5%), respectively. Finally, the cumulative survival for severe AS patients with impaired LVEF at 6 months and 1 year were 83.2% (SE 4.3%) and 75.0% (SE 6.0%), respectively. Not unexpectedly . . . . . . . .
due to the lower event rates in severe AS patients with normal LVEF and 'preserved' LV GLS, there was a difference in the follow up duration between the three groups of patients (P = 0.013 by KruskalWallis H-test). Severe AS patients with normal LVEF and 'preserved' LV GLS had significantly longer follow up duration compared with patients with normal LVEF but 'impaired' LV GLS (P = 0.016 with and normal LVEF with 'preserved' LV GLS ( < _ -14%). Patients with normal LVEF and 'preserved' LV GLS had superior survival compared with patients with normal LVEF but 'impaired' LV GLS (log rank P = 0.007), and compared with patients with impaired LVEF (log rank P < 0.001). There was no significant difference in survival between patients with impaired LVEF and patients with normal LVEF but 'impaired' LV GLS (log rank P = 0.42).
. Determinants of all-cause mortality in severe AS Table 5 outlines all significant univariable associates of all-cause mortality for patients with severe AS. Patients who died before aortic valve replacement were more likely to be older, male, had a higher LV mass index, larger LV volumes, lower LVEF and stroke volume index, and more impaired LV GLS. Since patients who develop symptomatic AS often undergo aortic valve replacement based on current guidelines recommendations, 18 the presence or absence of symptoms was not significantly associated with all-cause mortality before aortic valve replacement (HR 0.91; 95% CI 0.52-1.59; P = 0.75). Of the 294 severe AS patients, 222 patients (76%) underwent invasive coronary angiography. Of these 222 patients, 125 patients (56%) did not have obstructive disease as defined as > 50% stenosis. On multivariable analysis, the presence or absence of any obstructive coronary artery disease was not associated with all-cause mortality in severe AS patients before aortic valve replacement (P > 0.99). Similarly, the number of vessels with obstructive disease was also not a determinant of all-cause mortality in severe AS patients before aortic valve replacement (P = 0.96).
To identify independent correlates of all-cause mortality on follow-up, significant univariable associates in Table 5 (age, gender, previous history of myocardial infarction, LV mass index, LV endsystolic volume index, wall motion score index, and LV GLS) were entered into the Cox proportional-hazard model as covariates. On multivariable analysis, previous myocardial infarction (HR 1.97; 95% CI 1.05-3.69; P = 0.034), and every 1% absolute worsening in LV GLS (HR 1.17; 95% CI 1.09-1.26; P < 0.001) were independently associated with increased all-cause mortality on follow-up for severe AS patients. Therefore, considering that LV GLS ranged from -2.9% to -22.3% in patients with severe AS in the present study, the odds that a patient with severe AS and LV GLS of -3% dying on follow-up is nearly 20 times higher compared with a patient with severe AS and LV GLS of -22%. The inclusion of LV GLS incrementally improved the multivariable Cox regression model's discriminatory value by significantly increasing the Harrell's C-statistic from 0.728 to 0.783, P = 0.003.
To determine if LV stroke volume index was also independently associated with all-cause mortality on follow up, it was forced into the multivariable Cox regression model even though it was significantly correlated with LV GLS (r = -0.68, P < 0.001). However, the results did not change and only LV GLS, not LV stroke volume index, was independently associated with all-cause mortality in severe AS patients on follow-up.
Discussion
The present study demonstrated the independent prognostic value of LV GLS in a large cohort of patients with a wide range of LVEF and AS severity. LV GLS analysis was able to identify subtle myocardial dysfunction in patients with severe AS and normal LVEF, and could further risk stratify these patients into a higher mortality risk category equivalent to patients with severe AS and impaired LVEF.
LV dysfunction in AS
Degenerative calcific AS is a chronic progressive disease whose natural history is characterized by a prolonged latent period where patients remain relatively asymptomatic and has a low morbidity and mortality risk. 2, 19 However, upon development of symptomatic severe AS, the risk of sudden cardiac death increases and can occur even within months of symptom onset. 2 Known determinants of poor outcome include older age, significant aortic valvular calcification, rapid hemodynamic progression, and an impaired LVEF. 2, 3, 20 The development of an impaired LVEF in patients with severe AS can be due to either afterload mismatch or from a true depression of myocardial contractility. 21 With progressive reduction in the aortic valve area, the resultant increase in afterload is usually accompanied by compensatory concentric LV hypertrophy. This results in normalization of LV wall stress and maintenance of normal LVEF. 21 Afterload mismatch occurs in the context of 'inadequate compensatory' LV hypertrophy, resulting in an increased wall stress and reduced LVEF. 21 Despite an impaired pre-operative LVEF, these patients often recover their LV function after aortic valve replacement. 20 However, LV concentric hypertrophy is not compensatory in all patients as some may develop a true depression of myocardial contractility in response to the chronic pressure overload. The mechanism underlying the contractile dysfunction is likely to be multifactorial, ranging from reduced subendocardial perfusion with concomitant increase in myocardial oxygen consumption, neurohumoral upregulation, myocytes degeneration, and eventual replacement fibrosis. 5, [22] [23] [24] Importantly, it is now recognized that early subtle myocardial contractile dysfunction may be present in AS patients despite a normal LVEF. 7 Accordingly, Hein et al. 24 reported increased interstitial myocardial fibrosis in patients with AS and normal LVEF. Similarly, Weidemann et al. 5 reported increased myocardial fibrosis and impaired longitudinal systolic function in patients with symptomatic severe AS that failed to improve at 9 months follow-up after surgical aortic valve replacement.
Finally, a recent study demonstrated that the presence of late-gadolinium enhancement on cardiac magnetic resonance imaging (reflecting replacement fibrosis) was predictive of mortality in severe AS patients undergoing aortic valve replacement. 25 Previous studies have demonstrated LV diastolic dysfunction in AS patients. 26, 27 Compared with LVEF, LV GLS by 2D speckle tracking is a more sensitive measure of systolic function and permits identification of patients with underlying impaired myocardial function due to increased fibrosis despite normal LVEF. 7 Furthermore, the present study showed that LV GLS was independently associated with all-cause mortality in a large cohort of AS patients with a wide range of LVEF. There are two recent studies that demonstrated LV stroke volume index, as a marker of LV systolic function, is prognostic for all-cause mortality in severe AS patients. 28, 29 However, both studies did not evaluate the prognostic value of LV GLS. In the present study, we demonstrated only LV GLS was independently associated with allcause mortality when LV stroke volume was forced into the multivariable Cox regression model.
Prognostic value of GLS
We have previously demonstrated a progressive decline in longitudinal myocardial function in patients with increasing AS severity despite the presence of a normal LVEF. 7 Although 2D speckle tracking LV GLS analysis is a more sensitive measure of myocardial systolic function than LVEF, its prognostic value in all AS patients with a wide range of LVEF was unclear. Several recent studies have attempted to evaluate the prognostic value of LV GLS in severe AS patients with normal LVEF. [9] [10] [11] 30 The largest published study to date by Kusunose et al. 30 included 161 severe AS patients, and demonstrated that LV GLS was an independent determinant of mortality in patients with normal LVEF. By virtue of their study design, the results cannot be generalized to AS patients with impaired LVEF. Two small studies specifically evaluated the prognostic value of LV GLS in AS patients with impaired LVEF. 8, 12 Dahou et al. 12 
included 126
severe AS patients and demonstrated that both rest and stress LV GLS were independent determinants of mortality on multivariable analyses. In contrast, Bartko et al. 8 included only 47 AS patients with impaired LVEF (< _40%) and could not demonstrate an independent association between LV GLS and other variables with mortality outcomes. However, both study patients were derived from the same multicentre True or Pseudo-Severe Aortic Stenosis (TOPAS) study cohorts. 8, 12 In contrast, the present study is the largest to date to include 688 AS patients, of which 294 patients had severe AS. It also included patients with a wide range of LVEF and AS severity, and is first to demonstrate LV GLS as an independent determinant of all-cause mortality and was a superior prognosticator compared with LVEF. Furthermore, the present study also further risk stratified severe AS patients with normal LVEF into those with and without evidence of subclinical myocardial dysfunction based on the median LV GLS. These two groups were compared with AS patients with an impaired LVEF. Consistent with previous publications, severe AS patients with impaired LVEF had significantly higher all-cause mortality compared with patients with normal LVEF. 20 However, the present study is first to demonstrate that severe AS patients with normal LVEF but 'impaired' LV GLS had similar increased all-cause mortality risk as patients with impaired LVEF.
Clinical implications
Patients with severe AS and impaired LVEF have a dismal prognosis without aortic valve replacement. 31 Previous study has demonstrated severe AS patients have evidence of macroscopic myocardial fibrosis on delayed contrast-enhanced magnetic resonance imaging that persists after aortic valve replacement. 5 Therefore, detection of subtle myocardial dysfunction by speckle tracking echocardiography may permit earlier identification of patients at risk of irreversible myocardial damage. The present study is the largest to date to demonstrate the independent prognostic value of LV GLS in patients with AS, and it is superior to LVEF as a prognosticator. Furthermore, patients with severe AS with normal LVEF but 'impaired' LV GLS had similar poor long term prognosis as severe AS patients with impaired LVEF. Patients with 'impaired' LV GLS had an increased mortality risk, independent of LVEF and AS severity. This may have implications on the optimal timing of aortic valve replacement in patients with severe AS.
Study limitations
The present study was a single centre retrospective study. The number of patients with asymptomatic severe AS was relatively low and precluded us to perform a multivariable Cox proportional hazard model analysis to assess the prognostic influence of LV GLS in this specific subpopulation. Sub-analyses based on cardiovascular and non-cardiovascular mortality were not performed. Finally, by virtue of the study design, there were no data on rate of AS progression on prognosis.
Conclusions
Left ventricular GLS is an independent and superior prognosticator compared with LVEF in patients with AS. Severe AS patients with normal LVEF may have evidence of myocardial dysfunction, and have increased mortality risk similar to that of severe AS patients with impaired LVEF. Therefore, LV GLS can further risk stratify severe AS patients and may influence the optimal timing of aortic valve replacement. 
